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Abstract
The jet energy calibration with photon+jet events at CMS is presented. The events are
selected using tight photon isolation criteria and topological requirements to reject
QCD background. The extraction of the jet response and topological and background
biases are detailed together with methods to evaluate systematics with the first data.

11 Introduction
The goal of this analysis is to use γ+jet events to set the jet energy scale as a function of the
transverse momentum. The calibration procedure exploits the balance in the transverse plane
between the photon and the recoiling jet. Given the good energy resolution expected for the
electromagnetic calorimeter even at the LHC startup, the large cross section of this process, and
the relatively small biases induced by initial and final state radiation this method allows a good
calibration precision with a small amount of integrated luminosity. The largest background is
represented by QCD dijet events which can be effectively rejected with tight photon isolation
criteria and topological requirements. This approach has been already used by D0 and CDF
collaborations who have demonstrated O(%) calibration accuracy for central jets within a wide
pT range [1].
2 Method and biases
The jet calibration is obtained from the extraction of the response in photon+jet events, which
is defined as the ratio of the pT of the jet and the pT of the recoiling photon measured in the
electromagnetic calorimeter. The analysis is tested on jets measured with the iterative cone
(∆Rcone = 0.5) jet algorithm but it is applicable also to any other algorithm.
The underlying assumption is that with perfectly calibrated detectors the photon and the jet
are balanced in pT. This is very good on average but there are many physics effects which bias
and smear the balancing. The initial and final state gluon radiation affects the parton-photon
balancing in the transverse plane. This effect can be partly reduced by topological cuts aimed
to reject events with additional jets. Further pT imbalance is created by the showering of the
initial parton energy outside the jet cone in the hadronization process and by any bias in the
photon pT measurement.
The extraction of the energy correction has to be consistent with the model adopted by CMS [2,
3], where the global correction is factorized into a fixed sequence of sub-corrections associated
with different detector and physics effects. In this approach each sub-correction needs to be
calculated for the same default sample, which is represented by QCD dijet events. With this
analysis we measure pcalojetT /p
γ
T as a function of p
γ
T in the photon+jet sample. This response
should ideally yield QCD dijet response but in addition to the biases already discussed there
are important differences between the two processes which have to be taken into account. The
most important one is in the fact that the QCD dijet sample is dominated by gluon jets, whereas
the photon+jet sample has a large fraction of quark jets, thus introducing large differences at




T for QCD jets is
compared to photon+jet. Both distributions are relatively Gaussian, but the peak is shifted by
a significant amount at low pT.
3 Photon identification
The largest background is represented by QCD events where one of the jets is misidentified as
a photon. After the requirement to have a reconstructed photon, background events are much
more abundant than signal, as displayed in Fig. 2. Additional requirements are needed to re-
ject QCD background by at least a factor 102 while keeping photon efficiency large. The photon
identification is based on isolation. The measurement of the energy deposits in the electromag-
netic and hadronic calorimeters and of the transverse momentum of the reconstructed tracks in
a cone around the photon are required to be small. In addition the shape of the electromagnetic









































Figure 1: Measured jet pT over MC jet true pT after the event-based selection discussed later
in the document. The ranges in pˆT, which represents the transverse momentum transferred in
the parton interaction, are 30–50 GeV, 80–120 GeV and 300–500 GeV, from left to right.
energy deposits has to be compatible with a photon cluster. Specifically the selection is based

























Figure 2: Differential photon yields for signal and QCD background per fb−1 in 25 GeV bins.
The events pass the requirements to have a reconstructed photon in ECAL barrel. Only the
reconstructed photon with the largest pT of the event is accumulated in the plot.
• HCAL isolation: sum of the HCAL reconstructed energy for hits within a ∆RHCAL
cone behind the photon normalized by the photon energy. To reduce the impact of
the calorimeter noise at very low pT the selection is not applied if this sum is below
a given threshold;
• ECAL isolation: sum of the ECAL reconstructed energy for hits not belonging to
the cluster within a ∆RECAL cone around the photon and normalized by the photon
energy. To reduce the impact of the calorimeter noise at very low pT the selection is
not applied if this sum is below a given threshold;
• Ntracks and psum,trackT : number of reconstructed tracks and sum of the pT of the tracks
with momentum at vertex in a ∆Rtrk cone from the photon momentum. The photon
momentum is constrained to point to the primary vertex position. The sum of the
3Cut loose medium tight
HCAL iso 0.10 (or 4 GeV) 0.05 (or 2.4 GeV) 0.03 (or 2.4 GeV)
ECAL iso 0.10 (or 3 GeV) 0.05 (or 1.7 GeV) 0.03 (or 1.7 GeV)
Ntracks 5 3 1
psum,trackT 0.20 0.10 0.05
cluster major 0.60 0.35 0.35
cluster minor 0.50 0.30 0.30
Table 1: Maximum thresholds for cut-based photon identification. All thresholds are “less
than”, with the end-point excluded (important for integer Ntracks < Nthr). In parentheses the
additional absolute thresholds for HCAL and ECAL isolations are reported.
pT of the tracks is normalized by the photon transverse energy;
• cluster major and cluster minor: second moments of the energy distribution along the
direction of the maximum and minimum spread of the ECAL cluster. Units are set
in way that for a photon cluster, whose spread corresponds to the size of a crystal,
the second moment is one.
The size of the cones is optimized by looking at the signal efficiency versus QCD rejection
curves. The chosen cones are ∆RHCAL = 0.4, ∆RECAL = 0.4, and ∆Rtrk = 0.35.
These variables are then combined in a simple cut-based approach. Three selections are de-
fined: loose, medium, and tight and the thresholds are listed in Table 1. The efficiencies for
medium selection of each criterion applied in cascade for signal and background events are
shown in Fig. 3.
4 Event selection
The initial step in the selection looks for events with an identified isolated photon candidate
and a back-to-back jet. The back-to-back region is defined geometrically large enough to con-
tain the highest pT jet even in the case of three objects of equal pT, by requiring ∆φ > 2pi/3. The
jet with the highest pT is selected within this back-to-back region. The minimum reconstructed
pT of the jet considered in this analysis is 5 GeV.
Further steps constrain the topology of the event. The better-understood η region of the calorime-
ters is selected (|η| < 1.3), which represents the reference region for the absolute correction for
the schema adopted by CMS [2]. A good pT balance between the jet and the photon at parton
level is achieved by tightening the ∆φ requirement (∆φ(jet,γ) > pi− 0.2) and by rejecting addi-
tional jets in the event with large pT. The requirement is p
2ndjet
T < 0.1 · pγT or p2ndjetT < 5 GeV. The
p2ndjetT < 5 GeV selection is efficient at very low pT but has a limited rejection power. Without
this topological selection the balance is degraded by the (asymmetric) radiation of additional
jets. These criteria also purify the sample due to the different topology of the QCD and pho-
ton+jet events. In addition, the photon+jet events tend to have the jet boosted in the same direc-
tion as the photon, whereas the jets in dijet events are uncorrelated in rapidity. This property is
used with a selection based on the difference of the photon and the jet η (|∆η(jet,γ)| < 1). The
final step applies photon identification to increase the sample purity. The default selection for
this analysis uses medium identification. The efficiencies of each event-based criterion applied
in cascade for signal and background events are shown in Fig. 4. The resulting global efficiency
and signal over background are shown in Fig. 5.












































































Figure 3: Photon identification efficiencies on signal (a) and QCD background (b) samples for
medium selection. Efficiencies are displayed as a function of the reconstructed photon pT. The






















































Figure 4: Event-based criteria efficiencies on signal (a) and QCD background samples (b).












































Figure 5: Photon+jet selection efficiency (a) and signal over background (b) after the global
selection using loose, medium, and tight photon identification.
5 Measurement of the response
The response is estimated as the arithmetic mean of the distribution. This approach reduces
the statistical fluctuations due to the low Monte Carlo statistics for QCD background events
and it is more stable compared to a gaussian fit to extract the peak position. For very low pT
the threshold set at 5 GeV results in a bias in the arithmetic mean and it is corrected using
the Montecarlo simulation. The difference between mean and peak position is smaller than
1%. The resulting measured arithmetic mean of the jet response in the photon+jet sample is
shown in Fig. 6(a) for medium photon identification together with the response in a pure signal
sample and the photon+jet MC truth jet response. As shown, the background-induced bias is
negligible and the bias with respect to MC truth is very small for large pT (> 100 GeV) and
sizable ( 10− 15%) at very low pT.
6 Uncertainties in the response determination
The uncertainty is composed of six main components: statistical uncertainty, photon scale,
parton corrections (hadronization, underlying event), flavor mapping (response difference be-
tween photon+jet and QCD), second jet cut (event topology, bin-to-bin migrations), and QCD
background (purity, background response).
The statistical error refers to a fit of the measured response using a power law function. It is
determined by generating a large set of pseudo-experiments to reduce low statistics fit issues.
It is calculated for an equivalent luminosity of 10 pb−1.
The photon scale uncertainty is estimated to be 2% at the beginning of the LHC data taking for
the ECAL barrel. Since the absolute scale should be precisely determined using electrons from
the Z, another 0.5% is added in quadrature to account for possible differences in electron and
photon electromagnetic responses.
Systematic errors related to parton corrections are due to the uncertainties on hadronization
and underlying event contribution. There is a significant spread due to hadronization losses
and underlying event gains, but these two effects tend to cancel. Both contributions can be cor-
relatedwith the charged energy density from the underlying event, which is process-dependent.
The charged energy contribution in the jet cone in photon+jet events is determined as the aver-
6 7 Conclusions
age betweenminimum bias/QCD and Drell-Yan µµ contributions. We estimate the uncertainty
as 50% of the hadronization and underlying event corrections in quadrature.
The error due to the dependence of the response on the parton flavor corresponds to 50% of the
full difference between the jet reponses of QCD and photon plus jet events. The uncertainty on
the second jet selection is estimated via cut variation. It is taken as the difference between the
biases in response obtained with a selection using a cut at p2ndjetT < 0.05 · pγT and the default
selection (p2ndjetT < 0.1 · pγT).
The uncertainty on the QCD background amount is made of three terms. MC statistical error
on the purity, uncertainty on signal and background cross-sections (estimated using Tevatron
experience for inclusive jets [4] and photon+jets [5]), and photon identification uncertainty,
estimated using the average difference in purity between loose/medium and medium/tight
photon identification, are added in quadrature.







































































Figure 6: (a) Response measured from reconstructed MC. Bias corrections have not been ap-
plied. (b) Total relative uncertainty for the measured response.
7 Conclusions
The sample of γ+jet events has been studied to determine the absolute energy scale of a jet
reconstructed with the CMS detector. These results are mapped to the equivalent jet response
in the QCD reference sample.
The selection is based on tight photon isolation criteria combined in a simple cut-based ap-
proach and on topological variables, as, for instance, the transverse momentum of the addi-
tional jet in the event. The efficiency on signal events is 3–40% depending on pT. The main
QCD background is dramatically reduced, yielding a signal over background ratio of 3–10 (75–
90% purity) in the full transverse momentum range at pγT > 30 GeV.
Detailed toy MC studies on the different response biases due to non-Gaussian tails, bin-to-
bin migrations, and fits show O(%) level effects. First estimates of the sensitivity to photon
7energy scale, parton corrections, topological cuts and QCD background indicate less than 5%
uncertainty for each effect at pT > 30 GeV. The dominant uncertainty up to about 200 GeV is
expected to be due to the correction needed to take into account the different flavor composi-
tion between jets in photon+jet and QCD events (flavor mapping). It is needed because of the
different response to quark and gluon jets and the large difference in the gluon jet fraction be-
tween the photon+jet sample and the QCD sample chosen as the jet energy correction reference
sample. This uncertainty is about 12% (5%) at pT = 20 GeV (50 GeV), going down to about 2%
at pT = 200 GeV.
These results show that the total uncertainty on the response and on the energy scale correction
is better than 15% (10%) at pT = 25 GeV (40 GeV) for 10 pb−1 of accumulated data. Assum-
ing that flavor mapping and topology uncertainties can be halved with initial data, it can be
reduced to 10% (5%) with 0.1–1 fb−1.
The extraction of the corrections is implemented in a way to be consistent with the factorized
approach chosen by CMS. This means that the final corrections are applicable for the peak value
of the jet response in the gluon-dominated QCD reference sample.
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